TnS lacZ mutants were generated with Azospirillum brasilense 7030 by mating that strain with Escherichia coli strains carrying suicide plasmid pCIB100 or pCIB110. Kanamycin The behavioral process of chemotaxis allows bacteria to move to higher concentrations of attractants or down gradients of repellants and has a considerable impact on microbial ecology (14). Major progress toward elucidation of the phenomenon at the level of molecular biology and genetics has been made by focusing on a few species, namely, Escherichia coli, Salmonella typhimurium, and Bacillus subtilis (30, 39). The involvement of chemotaxis in the interaction of bacteria with plants has been investigated mainly for legume-nodulating rhizobia (9, 12, 13, 16, 25, 42) , tumorinducing Agrobacterium tumefaciens (4, 29, 41), fluorescent pseudomonads (46, 47), and Azospirillum species (5, 6, 22, 32, 37, 45) . Azospirilla are diazotrophs closely associated with roots of various grasses, where they can exert a beneficial effect on plant growth under certain environmental conditions (18). There are indications that chemotaxis to root exudates is involved in the attraction of Azospirillum species to the rhizosphere, mediating a certain degree of host specificity (22, 45) .
The behavioral process of chemotaxis allows bacteria to move to higher concentrations of attractants or down gradients of repellants and has a considerable impact on microbial ecology (14) . Major progress toward elucidation of the phenomenon at the level of molecular biology and genetics has been made by focusing on a few species, namely, Escherichia coli, Salmonella typhimurium, and Bacillus subtilis (30, 39) . The involvement of chemotaxis in the interaction of bacteria with plants has been investigated mainly for legume-nodulating rhizobia (9, 12, 13, 16, 25, 42) , tumorinducing Agrobacterium tumefaciens (4, 29, 41) , fluorescent pseudomonads (46, 47) , and Azospirillum species (5, 6, 22, 32, 37, 45) . Azospirilla are diazotrophs closely associated with roots of various grasses, where they can exert a beneficial effect on plant growth under certain environmental conditions (18) . There are indications that chemotaxis to root exudates is involved in the attraction of Azospirillum species to the rhizosphere, mediating a certain degree of host specificity (22, 45) .
Tn5 has previously been used successfully to mutagenize A. brasilense (1, 54) . Here we report on the use of Tn5 lacZ for isolation and characterization of A. brasilense mutants with impaired motility and chemotaxis.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. Escherichia coli strains were maintained on LB agar and grown in LB broth supplemented with the appropriate antibiotics. The concentrations of antibiotics used for E. coli were 100 ,ug of ampicillin per ml and 25 ,ug of kanamycin per ml. Azospirillum strains were maintained on nutrient agar and grown in YEP broth or minimal medium (MMAB) at 30°C (54 (36) , with cells grown to an optical density of 0.5 (600 nm). The microdilution plate assay for ,3-galactosidase activity has been described by Olson et al. (38) .
Identification of mutants affected in motility or chemotaxis. The Kmr exconjugants were screened for mutants impaired in motility and chemotaxis toward L-malate by scoring MMAB swarm plates (0.4% agar) incubated for 48 h at 30°C.
Motility was examined by light microscopy. The presence of flagella was verified by transmission electron microscopy Two-dimensional protein analysis. Two-dimensional protein patterns were determined as described elsewhere (16a) .
RESULTS
Isolation of A. brasilense Sp7 and 7030 clones with Tn.5 lacZ insertions. In matings between E. coli HB1O1(pCIB100) or HB101 (pCIB110) and A. brasilense Sp7 or 7030, Azospirillum exconjugants were isolated on MMAB medium containing 25 ,ug of kanamycin per ml at frequencies ranging from 10-6 to 10-' (Table 2) . With all of the TnS constructs tested, the higher number of Kmr colonies was always obtained with A. brasilense 7030. This is consistent with earlier observations from experiments in which several A. brasilense strains were compared for random TnS mutagenesis (55) . For this reason, strain 7030 was used in subsequent experiments. Strain 7030 is a chemically induced mutant of strain Sp7. Compared with strain Sp7, the mutant is streptomycin resistant and forms pronounced red-pink colonies on plates (20) . Moreover, the mutant lacks one of the indigenous (Fig. 1) . The TnS lacZ construct of pCIB100 contains one Sall restriction site, which is removed in the corresponding construct of pCIB110. Exconjugants obtained with pCIB100 should therefore reveal two hybridizing bands (Fig. 1, lanes 1 to 3) , whereas exconjugants obtained with pCIB110 should reveal only one hybridizing band (Fig. 1 activity levels of 2, 3, and 4.5 U were obtained with NM310, NM304, and NM309, respectively. SalI-restricted total DNAs of these mutants were hybridized with 32P-labeled ColEl::TnS lacZ DNA (Fig. 2) behavior toward several organic acids, carbohydrates, and amino acids (Table 3 ). Since they failed to be attracted to a wide range of tested compounds, these mutants are considered generally nonchemotactic (Che-). Compared with the Fla-mutants, considerably more variation in the expressed ,-galactosidase activity was observed, namely, 7 U for NM313, 15 U for NM306, and as high as 65 U for NM315. The latter value suggests a transcriptional fusion to a strong promotor. Physical analysis of NM306 and NM315 revealed that TnS lacZ had inserted itself into different SalI fragments (Fig. 2) . A further characterization of these chemotaxis mutants was performed by two-dimensional electrophoresis of total proteins (Fig. 3) . Mutants NM306 and NM313 both lack an acidic protein with an Mr of about 110,000 (Fig. 3A,  arrowhead) . This observation was not made with NM315. It was previously shown that the very same protein is absent in the protein pattern of an exoC mutant of A. brasilense Sp7 (16a, 35) . The appearance of a truncated form (Mr, 87, 000) which was demonstrated with the latter Sp7 mutant was not observed in this study with the chemotaxis mutants of strain 7030. The additional small acidic protein (Mr, 28,000; circled in Fig. 3B ) represents TnS-encoded neomycin phosphotransferase (16a).
In A. brasilense 7030, a plasmid of 90 MDa and two megaplasmids of over 300 MDa can be detected (20) . To determine the locations of the TnS lacZ insertions, cell lysates of the Fla-and Che-mutants were electrophoresed to separate plasmid and chromosomal DNAs, blotted, and hybridized to 32P-labeled ColEl::TnS (Fig. 4) . In both NM306 and NM313, a hybridization signal was detected at the migration distance of the 90-MDa plasmid, whereas for the other mutants homology with the chromosomal DNA was demonstrated. A cosmid library of the 90-MDa plasmid (p90) DNA was conjugated en masse to the three chemotaxis mutants (NM306, NM313, and NM315). Complementation of the chemotaxis phenotype was found for NM306 and NM313 but not for NM315 as expected, since the latter mutant is the result of a chromosomal TnS-lacZ insertion. Recombinant cosmids were isolated from two complemented transconjugants of NM306 (p90-001 and p90-002) and two complemented transconjugants of NM313 (p90-003 and p90-004). Upon EcoRI restriction analysis of the isolated DNAs, it was found that clones p90-001 and p90-004 are identical. Clones p90-001 and p90-002 have a 16-kilobase (kb) EcoRI fragment in common, whereas clones p90-001 and p90-003 have a 3.5-kb EcoRI fragment in common. On the basis of this, we can conclude that in mutant NM306, TnS lacZ inserted itself into a 16-kb EcoRI fragment, whereas in mutant NM313, TnS lacZ inserted itself into the 3.5-kb EcoRI fragment. The two EcoRI fragments must be closely linked on the 90-MDa plasmid, since they occur in a particular recombinant cosmid (p90-001). Previously, we have characterized two recombinant cosmids of the 90-MDa plasmid DNA that are able to complement the exoB and exoC mutations, respectively, in Rhizobium meliloti 1021 (34) . Given a similar change in the protein profile of the constructed exoC mutant of A. brasilense and the abovementioned che mutants (truncated form or lack of the 110-kilodalton protein, respectively) it was tempting to determine the relationship between the exo-complementing cosmid clones (pCall02 for exoB and pCalll2 for exoC) and the che-complementing clones (Fig. 5) . Interestingly, the pCalll2 clone contains two EcoRI fragments also present in p90-003, whereas clone pCallO2 contains the above-mentioned 16-kb EcoRI fragment. These data encourage determination of the physical map of the 90-MDa plasmid and conduction of a more detailed genetic analysis of the loci already located on the 90-MDa plasmid. Preliminary data indicate that the exoC mutant of A. brasilense, with the truncated form of the 110-kilodalton protein, displays wildtype chemotactic behavior. The precise function of this protein in exopolysaccharide synthesis (34) (27) . The The closely linked phenomena of flagellum-driven movement and chemotactic attraction are thought to play a significant role in the establishment of several types of plant-bacterium interactions, namely, symbiosis (3, 9, 16, 25, 42) , pathogenesis (4, 15, 21, 29, 40, 41, 43, 44) , and associative colonization (5-8, 17, 22, 24, 32, 37, 45-47) . When pCIB100 was used, mutants affected in motility (Fla-) and general chemotaxis (Che-) were isolated from A. brasilense 7030. Such mutants will be very useful for further elucidation of the involvement of motility and chemotaxis in the process of root colonization. Furthermore, by virtue of the promoter probe transposon used, it will be possible to monitor plant-inducible gene expression in this process. Previously, this approach proved quite successful for analysis of nodulation and virulence genes in Rhizobium sp. (23, 51) and Agrobacterium sp. (52) , respectively. The Chemutants characterized here are generally nonchemotactic and can be used to examine whether a dual chemotaxis pathway exists in Azospirillum sp. Generally, nonchemotactic mutants of R. meliloti having lost responses to all amino acid and sugar attractants tested but retaining chemotaxis toward unidentified compounds from alfalfa root extracts have been isolated. It is believed that they are affected in one branch of a dual chemotaxis pathway that is specialized in the detection of nutrients but contain an intact second branch that is responsible for responding to plant signals (9) .
In two Che-mutants of A. brasilense 7030, Tn5 lacZ inserted itself into the 90-MDa plasmid. Both mutants lacked an acidic protein that was previously reported to be absent in an A. brasilense Sp7 exoC mutant as well. The exo genes from A. brasilense can correct R. meliloti mutations for exopolysaccharide synthesis and are also located on the 90-MDa plasmid (34, 35) . We obtained evidence that the che and exoC loci are linked but not identical. Thus, an operonlike structure on the 90-MDa plasmid covering these loci may be postulated. However, the possibility cannot be ruled out that the Che-phenotype of both mutants arose from a pleiotrophic effect due to alterations in the cell envelope similar to the one reported for some Exo-mutants of R. meliloti that are affected not only in exopolysaccharide synthesis but also in resistance to bacteriophages and nodule invasion (28) . Finally, the isolation of chemotaxis-deficient mutants of A. brasilense with a mutation in the 90-MDa plasmid DNA stresses the relevance of the information carried by this particular plasmid, as suggested previously (34) .
